The physical properties of iron (Fe) at high pressure and high temperature are crucial for understanding the chemical composition, evolution, and dynamics of planetary interiors. Indeed, the inner structures of the telluric planets all share a similar layered nature: a central metallic core composed mostly of iron, surrounded by a silicate mantle, and a thin, chemically differentiated crust. To date, most studies of iron have focused on the hexagonal closed packed (hcp, or e) phase, as e-Fe is likely stable across the pressure and temperature conditions of Earth's core. However, at the more moderate pressures characteristic of the cores of smaller planetary bodies, such as the Moon, Mercury, or Mars, iron takes on a facecentered cubic (fcc, or γ) structure. Here we present compressional and shear wave sound velocity and density measurements of γ-Fe at high pressures and high temperatures, which are needed to develop accurate seismic models of planetary interiors. Our results indicate that the seismic velocities proposed for the Moon's inner core by a recent reanalysis of Apollo seismic data are well below those of γ-Fe. Our dataset thus provides strong constraints to seismic models of the lunar core and cores of small telluric planets. This allows us to propose a direct compositional and velocity model for the Moon's core.
iron | high pressure | high temperature | Moon | telluric planetary cores E ven though the telluric planets and satellites have metallic cores composed mainly of iron, differences in bulk masses imply different pressure (P) and temperature (T) conditions at the center of these bodies. This, in turn, reflects on the solid versus liquid nature of the core and on the stable crystalline structure of the solid phase. The hexagonal closed-packed (hcp, or e) phase is likely the stable Fe phase across the pressure and temperature conditions of Earth's core (1) . At the moderate P−T characteristic of the cores of relatively small planets, such as Mercury (P between ∼8 GPa and ∼40 GPa, T between ∼1,700 K and ∼2,200 K) (2) or Mars (P between ∼24 GPa and ∼42 GPa, T between ∼2,000 K and 2,600 K) (3, 4), or satellites, including the Moon (P∼5-6 GPa, T between 1,300 K and 1,900 K) (5), the expected iron stable structure is face-centered cubic (fcc, or γ) (6) . For this phase, there are not extensive experimental measurements of the aggregate sound velocities as a function of pressure and temperature. Studies are limited to a single determination of the Debye velocity at 6 GPa and 920 K (7) and to an inelastic neutron scattering (INS) experiment at ambient pressure and 1,428 K (8), although a complete and consistent set of measurements of compressional and shear wave sound velocities (respectively, V P and V S ) and density (ρ) at high pressure and high temperature are essential parameters needed to develop reliable seismic models of planetary cores.
The Moon is the only other telluric body besides Earth for which multiple direct seismic observations are available. These were provided by the Apollo Lunar Surface Experiments Package (9) that, despite the very limited number of seismometers and the partial selenographical extent, provided precious information on the structure of the Moon's interior (10, 11) . Nevertheless, seismic investigations of the deepest lunar interior (>900 km depth) remain very challenging. The structure of the lunar core is controversial, with only a single seismic study of core-reflected and converted S and P waves that directly detect the existence of a solid inner and a fluid outer core (10) . The existence of a liquid outer core seems to be favored as well when considering polar moment of inertia, the overall elastic response to tidal potential (Love numbers), and mantle seismic constraints (10) (11) (12) . In the analysis of the seismic data proposed in ref. 10 , the inner core was modeled as pure iron, while the outer liquid core was modeled to contain less than 13 wt % of sulfur alloyed to iron (less than 6 wt % in the entire core). Various indirect observations also point to the existence of a metallic core (5, 12) , although studies differ in many aspects, such as the radius of the core, the solid vs. liquid nature, or its composition. A precise determination of the structure and chemical composition of the Moon's core is essential for the understanding of present-day dynamics, as well as to constrain models of lunar origin and evolution, including the possible existence of a now-extinct lunar dynamo (5, 13) .
The link between seismic observations and geophysical models can be provided by experiments that probe sound wave propagation in candidate materials at relevant thermodynamic conditions. Here we carried out density (ρ) and sound velocity (V P and V S ) measurements on body-centered cubic (bcc) and fcc iron at simultaneous high pressure and high temperature, using
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Iron is the main constituent of terrestrial planetary cores, taking on a hexagonal closed packed structure under the conditions of Earth's inner core, and a face-centered cubic (fcc) structure at the more moderate pressures of smaller bodies, such as the Moon, Mercury, or Mars. Here we present sound velocity and density measurements of fcc iron at pressures and temperatures characteristic of small planetary interiors. The results indicate that the seismic velocities currently proposed for the Moon's inner core are well below those of fcc iron or plausible iron alloys. Our dataset provides strong constraints to seismic models of the lunar core and cores of small telluric planets, and allows us to build a direct compositional and velocity model of the Moon's core. inelastic X-ray scattering (IXS) combined with X-ray diffraction (XRD) measurements.
IXS allows a clear identification of longitudinal aggregate excitations in polycrystalline samples, the direct derivation of V P , and the estimation of V S (SI Text, Inelastic X-Ray Scattering and Diffraction Measurements) (Fig. 1) . This technique has been proven very suitable for measurements on metallic samples compressed in diamond anvil cell (14) (15) (16) , and has been recently extended for measurements under simultaneous high P−T conditions (17) (18) (19) (20) . Furthermore, combined XRD measurements yield an unambiguous phase determination and the direct derivation of the sample density (SI Text, Inelastic X-Ray Scattering and Diffraction Measurements).
We collected data on pure Fe, for both bcc and fcc structures, covering a pressure and temperature range between 0 GPa and 19 GPa and 300 K and 1,150 K (Table 1 and Fig. 2 ). Within the quasi-harmonic approximation, the compressional sound velocity is expected to scale linearly with density (21) , which allows us to compare results that were obtained at different pressure or temperature conditions. Both bcc and fcc phases show a linear V P −ρ relationship over the investigated pressure and temperature range, similar to recently reported trends for the hcp phase over a comparable temperature range (18, 20) . The sound velocity of the fcc phase is about 400 m/s lower than that of the bcc phase at the same density (Fig. 2) . Such a difference is significantly larger than our error bars on V P , which amount to about 1% (Table 1) . Most importantly, the V P value proposed for the Moon's inner core (10) after a reanalysis of Apollo lunar seismograms (4.3 km/s) is significantly below those of γ-Fe (Fig. 2) . Such a large difference (∼25% in V P at constant density) is unlikely due to anharmonic high-temperature effects (SI Text, Temperature Effects on the Sound Velocities). Indeed, our measurements in the 1,000-to 1,150-K range compare well with INS measurements at ambient pressure and 1,428 K (8) and with measurements on fcc Fe−Ni alloys at high pressure and ambient temperature (17) (see Fig. 2 ), whereas the estimated temperature of the Moon's core is 1,300-1,900 K. Even the recent studies arguing for temperature effects report not more than ∼5% softening in V P in the hcp phase (19) and ∼3% softening in V P in the bcc phase (22) , for a difference of 400 K.
The effects of frequency-dependent viscoelastic relaxation are more difficult to address, as anelasticity is a very complex issue that requires detailed knowledge of the material data at exact conditions (P−T conditions, grain size, impurities, defects, etc.), and are very often neglected. General consensus is that viscoelastic relaxation is more relevant for V S than for V P . Even for V S , assuming a seismic quality factor Q of ∼100 (23) and a frequency dependence α of ∼0.1-0.3 for the Moon's core (24), the expected sound velocity reduction is only 1-3%.
We also examine the possibility of iron alloyed with nickel and/or other lighter elements. The effects on sound velocities when alloying other elements to solid iron have been widely investigated, both experimentally (16, 17, 19, (25) (26) (27) and theoretically (28, 29) . As a first approximation, we assume the same qualitative behavior for all iron structures and look at likely candidates with respect to their cosmochemical abundances and chemical affinity. Nickel incorporation of up to 22 atomic % (at.%) slightly increases density at the same pressure (30) but does not change the compressional sound velocity (17) (Fig. 2) . Inclusion of light elements such as silicon, sulfur, or carbon can significantly reduce the density, but the compressional sound velocity at constant density is shown to increase (16, 19, (25) (26) (27) (28) (Fig. 2) . FeTiO 3 ilmenite has been argued as a possible phase in the lunar core, in particular in models assuming a large core size (12) , but this oxide is stiffer than metallic iron (31), which would yield even larger sound velocities at the appropriate density for this compound.
Thus, the sound velocity proposed for the Moon's inner core (10) is incompatible with that of pure solid iron or any plausible solid iron alloys. Nonetheless, seismic data analysis and refinements of the lunar moment of inertia require the Moon to have an inner solid core and an outer liquid core. Here we use our results to construct mineral physical constraints on this lunar core model, reinterpreting the seismic observations (10) on the basis of our experimental measurements of V P , V s , and ρ.
When considering iron and iron alloys phase diagrams, the temperatures characteristic of the Moon's interior point to the Fe−FeS system as the most probable explanation for a liquid iron alloy stable at the thermodynamic conditions of the Moon's core (13) . To have a solid inner core, pure Fe has to be the solid phase coexisting with Fe−FeS melt at the liquidus. The Fe−FeS phase diagram at 5 GPa indicates that pure Fe can be at equilibrium with liquid Fe−S only if the S content is lower than ∼37 at.% (Fig. S1 ). The temperature imposes further constraints: if partial melting is present at the bottom of the mantle (10, 32) , temperatures at the core−mantle boundary (CMB) must exceed 1,650 K. The temperature at the inner core/outer core boundary (ICB) may be only a few tens of degrees higher than that at CMB, if we assume a nonconvective subadiabatic liquid, an assumption compatible with the absence of an active lunar dynamo (33) . For temperatures at the ICB of at least 1,700 K, the amount of sulfur in the liquid phase could be brought down to 20 at.%, and even less for higher temperatures (Fig. S1 ). In this scenario, our best estimates (SI Text, Density and Sound Velocity for Fe−S Liquid Alloy) of the density (Fig. S2) and the corresponding velocity for the outer core (with a sulfur content ranging from 10 at.% to 20 at.%, P of ∼5 GPa, and T of ∼1,800 K) are 6,500-7,000 kg/m 3 and 3,500-4,100 m/s. Irrespective of the outer core composition, an inner core made of pure γ-Fe, with density of 7,600-7,800 kg/m 3 (6), will have compressional velocities between 4,750 and 5,700 m/s, and shear velocities between 2,150 and 3,450 m/s (Fig. 2) , even when accounting for up to ∼5% reduction in V P and ∼10% reduction in V S at constant density due to possible anharmonic effects when scaling up temperatures to 1,900 K (SI Text, Temperature Effects on the Sound Velocities). Our proposed velocity and density model for the Moon's core is shown in Fig. 3 and summarized in Table S1 .
Taking into account these mineral physics constraints and the seismic travel times reported in ref. 10 , we can estimate inner core and outer core sizes (SI Text, Core Layering Modeling Methods). We obtain an inner core having a radius of ∼245-250 km and an outer core ∼85-80 km thick (Fig. 3) . The total amount of sulfur in the core shell would then be between ∼3 and ∼6 wt %, as a result of the mass balance between the sulfur-bearing liquid outer core (10-20 at.%, corresponding to 6-11 wt %) and the pure iron solid inner core. This independent estimate is in excellent agreement with very recent modeling of lunar core formation and metal/silicate partitioning of siderophile elements (34) , resulting in a Moon core containing up to 6 wt % S, and compatible with requirements from a long-lived lunar dynamo modeling, calling for 6-8 wt % S in the Moon's core (13) . We further validate the direct model proposed here by comparison with Moon's observables such as mass and moment of inertia, finding values that fall within 0.1% of known values (SI Text, Moment of Inertia Modeling Methods).
Finally, our results can easily be extrapolated to the conditions of telluric planetary cores up to Mars size (Fig. 2) . V P of γ-Fe at 42 GPa and 2,500 K (ρ of ∼9,100 kg/m 3 ), P−T expected at the center of Mars, should be ∼7,100 m/s; and V P of γ-Fe at 40 GPa and 2,200 K (ρ of ∼8,900 kg/m 3 ), P−T expected at the center of Mercury, should be ∼6,800 m/s. More delicate is the extrapolation of V S , which can be estimated for both cases in the 3,600-4,400 m/s range. Seismic records for Mars are not available yet, but the main objective of the InSight NASA Discovery mission (launch in March 2016) is to place a seismic station for the study of Martian interior structure (solarsystem.nasa.gov/insight/home. cfm). Our results and similar datasets will be fundamental to the interpretation of such seismic observations, as well as for direct modeling of solid cores of small telluric planets.
